Introduction
============

Colon cancer is one of the most frequently diagnosed cancers worldwide and has a particularly poor prognosis for patients ([@b1-or-39-05-2114]). Despite the development of some novel-targeted therapies, chemotherapy to inhibit and damage cancer cells using chemicals such as cisplatinum remains one of the most common treatment options for colon cancer. However, chemotherapy is often indiscriminate, with many off-targeted toxic effects and is typically only used to treat colon cancers in the early stages of the disease. During this period, cancer cells often acquire drug resistance due to increased exposure to stressful conditions and cytotoxic drugs ([@b2-or-39-05-2114]). This resistance is an important obstacle to treatment that can result in chemotherapy failure in many cancers, including colon cancer ([@b3-or-39-05-2114]). Therefore, the identification of safe and effective agents that specifically target drug-resistant cancers, is vital for the future treatment of colon cancer ([@b4-or-39-05-2114]--[@b6-or-39-05-2114]).

Due to the inevitable and often rapid development of drug resistance to colon cancer chemotherapies, there has been some research investigating the possible underlying mechanisms. For example, the aberrant activation of the Mst/Yap-signaling pathway has been revealed to correlate with drug tolerance acquired during the treatment of colon cancer patients using cisplatin (DDP) and erlotinib, an epidermal growth factor receptor (EGFR) inhibitor ([@b7-or-39-05-2114]). However, the role of the Mst/Yap pathway in the development of drug resistance is poorly understood in human colon cancers. Functionally, the Mst/Yap pathway is highly conserved in both humans and *Drosophila* and has a key role in regulating growth ([@b8-or-39-05-2114],[@b9-or-39-05-2114]). The tumor suppressor mercaptopyruvate sulfurtransferase (MPST or MST) and a subsequent kinase cascade, act to negatively regulate YAP, an oncoprotein involved in cell growth and survival that functions by transcriptionally regulating various downstream target genes ([@b10-or-39-05-2114]). MST is also one of the core suppressor molecules in the Hippo signaling pathway and is phosphorylated and activated by various upstream signaling proteins. Salvador family WW domain-containing protein 1 (SAV1 or WW-45) is another core component of the Hippo signaling pathway and activated MST combines with SAV1 to phosphorylate and activate the large tumor suppressor 1 (LATS1) kinase. Activated LATS1 binds with the MOB kinase activator MOB1 to phosphorylate YAP and this phosphorylated protein is retained in the cytoplasm through interactions with the 14--3--3 family of proteins. By preventing movement to the nucleus, YAP is prevented from combining with other transcription factors to inactivate target promoters ([@b11-or-39-05-2114]--[@b14-or-39-05-2114]). However, without the suppressive functions of MST, unphosphorylated YAP gathers in the nucleus and interacts with transcriptional enhancer factor domain (TEAD) transcription factors. This in turn regulates the Mst/Yap pathway via downstream genes that include cysteine rich angiogenic inducer 61 (CYR61), connective tissue growth factor (CTGF), survivin (BIRC5) and cyclin D1 (CCND1) ([@b15-or-39-05-2114]--[@b18-or-39-05-2114]).

The chemotherapeutic agent DDP is one of the most extensively used agents for the treatment of cancer. In 1972, it became the first metal-based drug to enter clinical trials and was initially applied in a clinical setting in 1979 ([@b19-or-39-05-2114]). DDP is now a gold standard drug used for the treatment of testicular cancer (for which it has a 90% cure rate) and also for the treatment of head and neck, cervical, breast, lung, ovarian, gastric and bladder cancers, among many others ([@b20-or-39-05-2114],[@b21-or-39-05-2114]). DDP exerts its antitumor activity through its alkylating properties. Once the drug enters the cytoplasm of a cell, chloride ligands are spontaneously and sequentially replaced with water molecules due to the fact that the chloride concentration of the cytoplasm is much lower than that of the blood. This results in the formation of positively charged bis-aquated platinum complexes that bind to DNA ([@b22-or-39-05-2114]--[@b25-or-39-05-2114]). DDP predominantly forms intra-strand adducts between two adjacent guanines that are followed by an adjacent guanine and adenine. These adducts cause the DNA helix to bend by up to 60% towards the major groove and unwind, inhibiting further DNA replication and transcription. This ultimately leads to cell death ([@b21-or-39-05-2114],[@b26-or-39-05-2114],[@b27-or-39-05-2114]). However, the continuing clinical success of DDP is hindered by two major limitations, the development of DDP-resistant cancer cells and the toxic side-effects of the drug. These mechanisms act in tandem, so that when cells become resistant to DDP, the subsequent dose must be increased. This in turn increases the severity of toxic side-effects. These side-effects are primarily due to the dose-limiting effects of the drug on neurotoxicity and ototoxicity, although other common side-effects include severe nausea, vomiting, gastrotoxicity and myelosuppression ([@b28-or-39-05-2114]--[@b31-or-39-05-2114]).

To further investigate the role of YAP in cancer drug resistance and to validate DDP as a colon cancer therapy, we examined how DDP suppresses the Mst/Yap signaling pathway and the mechanism through which this leads to the inhibition of colon carcinoma progression and metastasis. Our data demonstrated that DDP specifically suppressed the expression of YAP and had various downstream effects on transcription. In addition, we confirmed that DDP has the potential to be used as a treatment for colon cancer. These data improved our understanding of the Mst/Yap pathway and its role in cancer progression and may lead to improved outcomes for patients.

Materials and methods
=====================

### Molecular biology

Flag-tagged *YAP* constructs were made using the pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA). Sequences encoding the Flag epitope (DYKDDDDK) were added by PCR through the replacement of the first Met-encoding codon in the respective cDNA clones.

### Cell culture and transient transfection

Human colon cancer cells SW620, LoVo and NCM460 obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories, San Angelo, TX, USA) in an incubator, at 37°C under a mixture of 95% air and 5% CO~2~. Plasmids were transfected using polyethylenimine (PEI) reagent, following the manufacturer\'s instructions.

### Western blot analysis

SW620 and LoVo colon cancer cells were transfected with the relevant plasmids and cultured for 36 h. For western blot analysis, the cells were lysed in NP-40 buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA pH 8.0, 1 mM EGTA pH 8.0, 1 mM PMSF and 0.5% NP-40) at 25°C for 40 min. The lysates were added to 5X loading dye and then separated by electrophoresis.

### Antibodies

The primary antibodies used in the present study were rabbit anti-Flag (1:1,000, cat. no. sc-166355; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-pYap (cat. no. 14074) and anti-Yap (cat. no. 13008) (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-vimentin (cat. no. ab92547), anti-E-cadherin (cat. no. ab1416) and anti-cleaved capase-3 (1:1,000, cat. no. ab2302; all from Abcam, Cambridge, UK).

### Immunofluorescent staining

To examine the subcellular localization of YAP, the SW620 cells were exposed to DDP for 36 h, seeded onto coverslips in a 24-well plate, and left overnight. The cells were then fixed using 4% formaldehyde for 30 min at 25°C and treated with 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 30 min. The coverslips were incubated with rabbit anti-YAP monoclonal antibody (Cell Signaling Technology, Inc.) at 1:200 dilution in 3% BSA. The coverslips were then incubated with an Alexa Fluor 594 (red, cat. no. R37117; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) tagged anti-rabbit monoclonal secondary antibody at 1:1,000 dilution in 3% BSA. DAPI (3 µg/ml) was added for nuclear counterstaining. Images were captured with a Zeiss Axio Imager Z1 fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany).

### Cell flow cytometry assays

DDP-treated and control cells at 80% confluency were harvested and fixed with 70% ethanol. These were then stained using propidium iodide (PI) and the cell cycle stage was assessed by flow cytometry. To evaluate apoptosis, the cells were cultured at 80% confluency, trypsinized and stained with a PI/Annexin V Apoptosis Detection kit (Vazyme, Jiangsu Sheng, China). The data were collected and analyzed on a BD FACScan flow cytometer using FACS software (BD Biosciences, San Jose, CA, USA).

### RNA isolation and real-time reverse transcription (RT)-PCR assay

We used TRIzol reagent (TransGen Biotech, Beijing, China) to isolate total RNA from the samples. RNA was reverse transcribed into first-strand cDNA using a TransScript All-in-One First-Strand cDNA Synthesis kit (TransGen Biotech). cDNAs were used in a real-time RT-PCR assay with the human *GAPDH* gene as an internal control. The RT-PCR primers were: E-cadherin forward, ACCATTAACAGGAACACAGG and reverse, CAGTCACTTTCAGTGTGGTG; *YAP* forward, GGACCCCAGACGACTTCCTCAACAG and reverse, CCTTCCAGTGTGCCAAGGTCCACAT; CYR61 forward, GGTCAAAGTTACCGGGCAGT and reverse, GGAGGCATCGAATCCCAGC; CTGF forward, AATGCTGCGAGGAGTGGGT and reverse, CGGCTCTAATCATAGTTGGGTCT; vimentin forward, CGCCAACTACATCGACAAGGTGC and reverse, CTGGTCCACCTGCCGGCGCAG.

### SA-β-gal staining

Senescent cells were detected using a Senescence β-Galactosidase Staining kit (Beyotime Institute of Biotechnology, Jiangsu, China), according to the manufacturer\'s instructions.

### Cell Counting Kit-8 (CCK-8) analysis

For CCK-8 analysis, 100 µl of SW620 cell suspensions were added to a 96-well plate (5,000 cells/well). The plates were pre-incubated for 24 h in a humidified incubator at 37°C under 5% CO~2~. Subsequently, 10 µl of the test treatments were added to the test plates. The plates were then incubated for a further 12 h under the same incubation conditions. Subsequently, 10 µl of CCK-8 solution was added to each well and then the plates were incubated for 4 h. Finally, the absorbance at 450 nm was assessed using a microplate reader.

### Human colon cancer specimen collection

All human colon cancer and normal colon tissue specimens were collected from the Affiliated Hospital of Binzhou Medical College. The experimental protocol was approved by the Research Ethics Committee of Binzhou Medical University (approval no. 2017-014-01 for the human tissues and 2017-05-02 for the mouse tissues). Written informed consents were obtained from all patients. A total of nine human colon tumor samples with matched normal colon samples were used for RT-PCR analysis. Eight colon cancer samples were used for western blot analysis.

### Analysis of publicly available datasets

To analyze the correlation between the expression level of *YAP* and the prognostic outcome of patients, Kaplan-Meier survival curves of colon tumor patients with low and high expression of YAP were generated using Kaplan-Meier plotter ([www.kmplot.com/analysis](www.kmplot.com/analysis)).

### Wound healing assays

To assess the effects of DDP on wound healing, 10^5^ cells were seeded onto 6-well plates and left for 1 day before treatment with DDP. These cells were then incubated in 5% CO~2~ at 37°C for 24 h. A wound was scraped into the cells using a plastic 200-µl pipette tip and then washed by PBS. The cells were incubated in DMEM containing 10% FBS with 15 µg/ml of DDP and various plasmids at different time-points to assess wound healing.

### Transwell migration assays

Transwell migration assays were performed using a 24-well chamber (Costar 3422; Corning Inc., Corning, NY, USA). The lower and upper chambers were separated by a polycarbonate membrane (8-µm pore size). SW620 cells (1×10^5^) were seeded into DMEM without FBS in the upper chamber. DMEM containing 10% FBS was added to the lower chamber. The cells were allowed to migrate for 36 h at 37°C in a humidified atmosphere containing 5% CO~2~. The cells remaining on the upper side of the membrane were removed using PBS-soaked cotton swabs. The membrane was then fixed in 4% paraformaldehyde for 20 min at 37°C and then stained with crystal violet. The cells on the lower side of the membrane were counted under an Olympus light microscope (Olympus, Tokyo, Japan).

### MTT and CCK-8 assays

Cell viability was determined using 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) and CCK-8 assays in 96-well plates in a manner similar to that above described for the CCK-8 assays. The cells were incubated with various concentrations of DDP for 48 h, followed by incubation with MTT and CCK-8 for 4 h. Subsequently, 100 µl isopropanol (in 0.04 N HCL) was added to dissolve the formazan crystals for the MTT assay. Absorbance was read at 570 nm using a spectrophotometer (Tecan Group Ltd., Männedorf, Switzerland). The cell viability was assessed as relative absorbance compared to a dimethyl sulfoxide (DMSO)-only control.

### In vivo experiments

To assess the *in vivo* effects of DDP, 3- to 5-week old female BALB/c athymic (NU/NU) nude mice were housed in a level 2 biosafety laboratory and raised according to the Institutional Animal Guidelines of Binzhou Medical University. All animal experiments were carried out with the prior approval of the Binzhou Medical University Committee on Animal Care. For the experiments, the mice were injected with 5×10^6^ SW620 cells and randomly divided into two groups (five mice per group) after the diameter of the xenograft tumors had reached \~5 mm. Xenograft mice were then intraperitoneally administered either DDP or PBS three times a week and tumor volume and body weight were assessed every second day. Tumor volume was estimated as 0.5 × a^2^ × b (where a and b represent tumor short and long diameter, respectively). The mice were euthanized after 6 weeks of treatment and the tumors were assessed a final time. Subsequently, tumor and organ tissues were collected from xenograft mice and analyzed by immunohistochemistry.

### Immunohistochemical analysis

Tumor tissues were fixed in 4% paraformaldehyde overnight and then embedded in paraffin wax. Four-micrometer thick sections were and stained using hematoxylin and eosin (H&E) for histological analysis.

### Statistical analysis

Data were analyzed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA) and are presented as the means ± SD. Two-tailed Student\'s t-tests were used to compare two groups and ANOVA with Tukey\'s post-hoc test was used to compare multiple groups. P-value\<0.05 was considered to indicate a statistically significant difference which is highlighted in the figures with an asterisk, while P-values \<0.01 are highlighted using two asterisks and P-values \<0.001 are highlighted using three asterisks.

Results
=======

### Abnormal activation of YAP in colon cancer tissues

To determine the expression of YAP in human colon cancer tissues, we analysed the demographic and tumor characteristics of 46 patients that met the inclusion criteria for participating in the study ([Table I](#tI-or-39-05-2114){ref-type="table"}). Subsequently, we performed both RT-PCR and western blot analysis. This demonstrated that *YAP* mRNA levels were higher in the nine colon cancer tissues than in matched normal tissue ([Fig. 1A](#f1-or-39-05-2114){ref-type="fig"}). As displayed in [Fig. 1B](#f1-or-39-05-2114){ref-type="fig"}, the protein levels of YAP were also higher in eight colon cancer tissues histologically examined compared to adjacent normal tissue. Publicly available datasets (<http://www.kmplot.com/analysis/index.php?p=service&cancer=gastric> and colon) ([@b32-or-39-05-2114]) were filtered and used to analyze the prognostic correlation between the survival of colon cancer patients and the expression of YAP. Kaplan-Meier analyses revealed that YAP protein levels had an inverse correlation with survival, with high expression associating with shorter overall survival (OS) (n=1926, P=2.2×10^−6^) ([Fig. 1C](#f1-or-39-05-2114){ref-type="fig"}). The expression of YAP was also higher in SW620 and LoVo colon cancer cell lines relative to a normal NCM460 cell line. In addition, the amount of activated YAP found in the nucleus was higher in LoVo and SW620 colon cancer cells, while inactivated cytoplasmic YAP (p-YAP) was more abundant in normal NCM460 cells. Furthermore, the activated forms of YAP, the nuclear localization of YAP, was higher in LoVo and SW620 cells compared to normal NCM460 cells and the non-activated cytoplasmic localization form of YAP and p-YAP, was higher in normal NCM460 cells ([Fig. 1D](#f1-or-39-05-2114){ref-type="fig"}).

### Downregulation of YAP inhibits cell growth and invasion

Both YAP specific silencing by siRNAs, and stable ectopic overexpression of YAP, were used to establish whether the activation of the oncogene affected the initiation, progression and metastasis of colon cancer ([Fig. 2A and B](#f2-or-39-05-2114){ref-type="fig"}). Knockdown of YAP was found to decrease cell growth ([Fig. 2C](#f2-or-39-05-2114){ref-type="fig"}), Ki-67 protein levels ([Fig. 2D](#f2-or-39-05-2114){ref-type="fig"}), clonal formation ([Fig. 2E](#f2-or-39-05-2114){ref-type="fig"}) and cell migration ([Fig. 2F](#f2-or-39-05-2114){ref-type="fig"}) in SW620 cells. The opposite effect was observed for each of these factors in SW620 cells that overexpressed ectopic YAP ([Fig. 2C-F](#f2-or-39-05-2114){ref-type="fig"}). Notably, depletion of YAP decreased the invasiveness of SW620 colon cancer cells ([Fig. 2G](#f2-or-39-05-2114){ref-type="fig"}), whereas overexpression increased cell invasion. These data demonstrated that YAP played an important role in colon cancer cell growth and invasion.

### DDP suppresses YAP activity in colon cancer cells

To further investigate the mechanisms of DDP, we explored whether the drug affected the Mst/Yap signaling pathway in colon cancer cells. Our data revealed that DDP dose-dependently ([Fig. 3A](#f3-or-39-05-2114){ref-type="fig"}) and time-dependently ([Fig. 3B](#f3-or-39-05-2114){ref-type="fig"}) reduced *YAP* mRNA and YAP protein levels in SW620 cells. Subsequently, we assessed if this was due to a direct effect of DDP on the promoter region of YAP. A luciferase reporter gene assay using the promoter region of *YAP* (−1420/+115, pGL3-Yap) demonstrated that DDP decreased the luciferase activity of the promoter in a dose-dependent manner in both SW620 and LoVo cancer cells ([Fig. 3C](#f3-or-39-05-2114){ref-type="fig"}). This indicated that DDP downregulated the expression of *YAP* at the transcriptional level in colon cancer cells through a direct interaction. As DDP reduced the expression of *YAP* in colon cancer cells, we subsequently explored the effects on downstream target genes in the Mst/Yap signaling pathway. Both RT-PCR and western blot analysis revealed that treatment with 10 µg/ml of DDP for 72 h suppressed *YAP* and the downstream target genes *CYR61* and *CTGF* mRNA in SW620 cells ([Fig. 3D](#f3-or-39-05-2114){ref-type="fig"}). Furthermore, semi-quantitative analysis of CYR61 and CTGF immunofluorescent staining indicated that treatment with DDP at 10 µg/ml for 72 h also decreased the expression of these proteins in SW620 cells ([Fig. 3E](#f3-or-39-05-2114){ref-type="fig"}). Our data also revealed that the levels of YAP protein were decreased in the nucleus after DDP treatment. Exposure to 6 µg/ml DDP for 36 h increased the levels of phosphorylated YAP (p-YAP) in the cytoplasm of SW620 cells, leading to the translocation of YAP from the nucleus to the cytoplasm ([Fig. 3F and G](#f3-or-39-05-2114){ref-type="fig"}).

### DDP affects YAP-mediated colon cell proliferation

Cell proliferation assays indicated that abnormally high expression of YAP increased the *in vitro* growth of SW620 and LoVo cells ([Fig. 4A and B](#f4-or-39-05-2114){ref-type="fig"}). Treatment with 10 µg/ml DDP showed a time-dependent arrest in the cellular growth of SW620 and LoVo cells, with or without the stable overexpression of YAP. Furthermore, semi-quantitative analysis of Ki-67 immunofluorescent staining indicated that 10 µg/ml DDP treatment for 72 h significantly reduced Ki-67 expression in SW620 cells ([Fig. 4C](#f4-or-39-05-2114){ref-type="fig"}). Colony formation assays using SW620 cells also revealed that ectopic overexpression of YAP reversed colony formation after treatment with DDP at 10 µg/ml for 72 h ([Fig. 4D](#f4-or-39-05-2114){ref-type="fig"}).

To fully explore the putative biological functions of DDP, cell cycle analysis in colon cancer cells under DDP treatment was performed. This revealed that treatment with 10 µg/ml DDP for 72 h induced cell cycle arrest in G2 phase and also blocked YAP-induced progression into S phase in SW620 cells. This was demonstrated using both quantitative analysis and representative histograms summarizing cell cycle distribution ([Fig. 5A](#f5-or-39-05-2114){ref-type="fig"}). Cell cycle and Annexin V flow cytometry also revealed that treatment with 10 µg/ml DDP for 72 h induced increased apoptosis in SW620 cells, whereas ectopic overexpression of YAP partially reduced DDP-induced apoptosis ([Fig. 5B](#f5-or-39-05-2114){ref-type="fig"}). Additional immunofluorescent staining of cleaved caspase-3 (a marker of apoptosis) confirmed that DDP increased the levels of this protein product. In addition, ectopic overexpression of YAP partially reduced DDP-induced apoptosis in SW620 cells over the 72-h period ([Fig. 5C and D](#f5-or-39-05-2114){ref-type="fig"}).

### DDP affects YAP-mediated colon tumor cell senescence, invasiveness and epithelial-mesenchymal transition (EMT)

Cellular apoptosis and senescence resistance is a common mechanism by which cancer cells avoid death. It has also been previously reported that aberrant activation of YAP inhibits senescence in human tumor cells ([@b7-or-39-05-2114]). To analyze whether DDP influences YAP-induced cellular senescence in colon tumor cells, we used β-galactosidase staining to identify cells that were senescent. This indicated that exposure to 10 µg/ml DDP for 72 h increased the number of SW620 cells displaying senescence. Ectopic overexpression of YAP lowered the number of DDP-induced senescent cells, whereas knockdown of YAP using siRNA promoted senescence ([Fig. 6A](#f6-or-39-05-2114){ref-type="fig"}). Phase contrast microscopy analysis indicated that cellular morphology was markedly altered after treatment with 10 µg/ml DDP for 72 h in cells overexpressing YAP and in YAP-knockdown cells ([Fig. 6B](#f6-or-39-05-2114){ref-type="fig"}).

Cellular invasion is one of the most important defining features of cancer cells. Using a scratch assay, we found that treatment with 10 µg/ml DDP for 36 h decreased the YAP-induced migration in SW620 cells ([Fig. 6C](#f6-or-39-05-2114){ref-type="fig"}). Additionally, a Matrigel invasion and migration assay was performed to explore the effects of DDP on these properties in SW620 colon cancer cells. This indicated that treatment with 10 µg/ml DDP for 72 h decreased cell invasion and migration. DDP-induced inhibition of migration and growth was also partially reduced by overexpressing YAP in SW620 cells ([Fig. 6D](#f6-or-39-05-2114){ref-type="fig"}). As YAP-mediated invasion and migration could be inhibited by treatment with DDP in colon cancer cells, we next determined whether DDP influenced the YAP-mediated cellular phenotype transformation in colon cancer cells by examining markers associated with EMT, such as vimentin and E-cadherin. As dislpayed in [Fig. 6E and F](#f6-or-39-05-2114){ref-type="fig"}, the mRNA and protein levels of E-cadherin were increased, whereas vimentin expression was decreased, after treatment with DDP for 72 h in SW620 cells. Ectopic overexpression of YAP decreased the DDP-induced expression changes in E-cadherin and vimentin expression, while an opposing effect was observed in YAP knockdown cells. This indicated that DDP interfered with the YAP-mediated EMT in colon tumor cells. Furthermore, immunofluorescent staining of E-cadherin confirmed that DDP increased E-cadherin protein expression under ectopic overexpression of YAP, while knockdown of YAP using siRNA partially blocked the DDP-induced increase in E-cadherin expression ([Fig. 6G](#f6-or-39-05-2114){ref-type="fig"}).

### DDP inhibits the in vivo growth of in situ colon xenografts

To definitively address the central question as to whether DDP treatment can delay tumorigenesis in colon cancer, we explored the *in vivo* antitumor activity of DDP in colon cells using *in situ* colon xenografts and survival analysis. Approximately two weeks after the subcutaneous xenografting of SW620 cells into a concave niche of the ceca of mice, larger tumors were observed in the control group treated with PBS when compared to the group treated with DDP ([Fig. 7A and B](#f7-or-39-05-2114){ref-type="fig"}). Histochemical analysis of the tumors also indicated that tumor growth was inhibited by treatment with DDP relative to PBS. Further semi-quantitative immunohistochemical analysis of the YAP expression in the xenografts revealed that DDP treatment led to less YAP protein compared to the control group ([Fig. 7C](#f7-or-39-05-2114){ref-type="fig"}). Additional examination of the *in situ* xenografts by optical microscopy under H&E staining indicated that several critical organs outside of the xenograft site, including the large intestine, small intestine, stomach, heart, liver, spleen, lungs and kidneys, were also severely damaged ([Fig. 7D](#f7-or-39-05-2114){ref-type="fig"}). We also confirmed that there was reduced body weight loss in mice treated with 1.5 mg/kg DDP during the treatment period compared to those administered PBS ([Fig. 7E](#f7-or-39-05-2114){ref-type="fig"}). Finally, it was observed that the survival times of the DDP treated group of xenograft mice were significantly longer than those of the control group ([Fig. 7F](#f7-or-39-05-2114){ref-type="fig"}).

Discussion
==========

In the present study we have explored the efficacy and specificity of DDP in inhibiting colon carcinoma progression. Our data demonstrated that DDP is a suitable therapeutic drug candidate for colon cancers which sensitively and specifically targets the Mst/Yap signaling pathway. Although numerous effective treatments and detection methods for colon tumors have improved survival rates for patients, the disease remains one of the most aggressive malignant cancers and has a particularly high fatality rate. Due to the pathology of the disease, most patients present in advanced stages, meaning that the best treatment options are palliative, such as radiotherapy and chemotherapy. However, normal tissue cells are often destroyed by these indiscriminate methods of treatment. Therefore, identifying novel natural compounds that are highly selective for cancer cells and have low non-specific toxicity, is important for improving cancer therapy.

The anticancer activity of DDP, a commonly used chemotherapeutic agent developed in China, has been examined in several studies. Unlike many other treatments, DDP induces few side-effects in the digestive system and is also relatively easy to synthesize. It has been demonstrated to inhibit cell growth in several cancer cell lines and transplanted tumors, while simultaneously increasing white blood cell counts by sensitizing the bone marrow. Due to this effect, the drug has also some antagonistic effects against leukopenia. In addition, clinical approaches that apply DDP as a mono-therapeutic agent have reported that the drug has beneficial effects in patients with several different types of tumors simultaneously. Our data indicated that DDP inhibited the *in vitro* growth of SW620 and LoVo human colon cancer cell lines in a dose- and time-dependent manner. Immunoblotting analysis revealed that DDP dose-dependently downregulated YAP and the expression of downstream target genes CTGF and CYR61 via an interaction with the promoter region of the *YAP* gene, indicating a functional mechanism. This downregulation of downstream genes led to cell cycle arrest in colon cancer cells and the observed inhibition of tumor growth. Notably, DDP also suppressed SW620 cell invasion and migration without reducing cell viability. These data indicated that DDP may have wider direct or adjuvant therapeutic applications for the treatment of human colon tumors and this will require further examination.

Currently, the efficacy of available colon cancer therapeutic options is limited by the development of treatment resistance in cancer cells. *YAP* in particular is a novel anticancer drug target gene that has been associated with high chemoresistance in colon cancer. Aberrant activation of this oncogene contributes to the initiation, progression and metastasis of colon tumors and associates with poor prognosis. This would also act to promote drug resistance against the targeted therapy. YAP has been found to be highly activated in colon cancer and reducing its expression in cancer cells may increase the therapeutic effects of colon cancer treatments. Our results demonstrated that the Mst/Yap signaling pathway was abnormally activated in colon cancer tumor tissues and cells. Like other tumors, this would lead to increased cell growth and invasiveness. However, our functional data demonstrated that DDP specifically suppressed the Mst/Yap signaling pathway, affecting YAP-mediated colon cancer progression and metastasis, by arresting the cell cycle and inducing apoptosis and cell senescence. We also confirmed that DDP suppression of YAP activity reduced EMT and decreased the motility, metastatic and invasive capacities of colon cancer cells *in vitro*, probably by enhancing the expression of E-cadherin and decreasing the expression of fibronectin/vimentin.

In addition, our data demonstrated that DDP not only regulated *YAP* transcriptional activity, but also post-translationally modified YAP, affecting the subcellular distribution of phosphorylated and unphosphorylated protein between the cytosol and the nucleus. Markedly, DDP demonstrated no kinase activity, but some other researches revealed that zyxin formed a ternary complex with Siah2 and Lats2 responding to TGF-β stimuli, thus stabilized their interaction and facilitated deactivation of the YAP signaling pathway, thereby promoting tumor progression ([@b33-or-39-05-2114],[@b34-or-39-05-2114]). Furthermore, DDP could regulate the activity of TGF-β to suppressed lung cancer progression and metastasis ([@b35-or-39-05-2114]). Therefore, we hypothesized that DDP may regulate cytoplasmic p-YAP by regulating the upstream signals of YAP, however we should further explore this hypothesis. Furthermore, we have shown that DDP dose-dependently and time-dependently increased p-YAP alongside decreasing *YAP* mRNA and YAP protein expression in SW620 colon cancer cells. This provided further information to elucidate the molecular mechanisms of DDP and the therapeutic activity of the drug against colon cancer. However, it is important to note that this study is prospective and, although these are important results, there are many issues that require further examination. These include understanding the mechanism through which the inhibition of YAP expression by DDP improves the chemotherapeutic treatment of drug-resistant colon carcinomas.

In conclusion, the present study indicated that the anticancer drug DDP was an effective therapeutic drug for the treatment of human colon cancer. DDP enhanced apoptosis, senescence and cell cycle arrest in cancer cells by suppressing YAP expression, thereby inhibiting cell proliferation. Notably, we demonstrated that the effects of DDP were potentially mediated via an interaction with the promoter region of the *YAP* gene. Our results indicated that DDP acted as a chemotherapeutic antitumor agent that can be used for suppressing tumorigenesis and the initiation of colon tumor via the downregulation of YAP in human colon cancer. The inhibition of cancer cell proliferation by DDP was associated with interference in cell cycle progression in colon tumor cells, increasing the proportion of cells in the G2/M phase. These data improved our understanding of colon cancer and the role that the Mst/Yap pathway plays in cancer progression. In addition, the present indicated that DDP may serve as an important future treatment for colon cancer.
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![Aberrant activation of YAP in colon tumors from patients. (A) RT-PCR assays demonstrating increased YAP mRNA expression in human colon tissues compared to adjacent normal tissues. (B) Western blot analysis indicated that YAP protein levels were also increased in human colon tissues compared to adjacent normal tissues. (C) Kaplan-Meier OS curves for YAP expression (n=1926, P=1E-09 using a log-rank test of significance). (D) Immunofluorescence of stained YAP demonstrating increased total protein levels, as well as increased nuclear YAP localization, in both LoVo and SW620 colon cancer cells relative to a normal NCM460 cell line. This associates with decreased p-YAP expression. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*\*\*P\<0.001 vs. control group. OS, overall survival.](OR-39-05-2114-g00){#f1-or-39-05-2114}

![YAP knockdown inhibits cell growth and invasion. (A) RT-PCR and western blot analysis of the mRNA and protein expression levels of YAP after exposure to a YAP-specific shRNA in SW620 cells compared to control cells. (B) RT-PCR and western blot analysis of YAP mRNA and YAP protein levels after stable overexpression of YAP in SW620 cells compared to control cells. (C) *In vitro* proliferation was promoted in YAP overexpressing SW620 cells, whereas it was decreased in YAP knockdown cells. (D) Immunofluorescent staining of YAP and Ki-67 decreased after knockdown of YAP using a YAP-specific shRNA in SW620 cells compared to control cells. (E) Colony formation assays indicated that colony formation increased in YAP overexpressing cells and decreased in YAP knockdown cells. (F) Scratch assays showing that stably overexpressing YAP cells exhibited increased cell migration in SW620 cells after 36 h, while YAP knockdown cells exhibited decreased cell migration. (G) Transwell assays demonstrated that YAP overexpressing cells showed increased invasion and migration in SW620 cells compared to control cells, while knockdown of YAP leads to decreased invasion and migration. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*\*P\<0.01; \*\*\*P\<0.001 vs. control group.](OR-39-05-2114-g01){#f2-or-39-05-2114}

![DDP reduces the activity of YAP in colon tumor cells. (A and B) RT-PCR and immunoblotting assays demonstrated that DDP treatment decreased YAP mRNA and YAP protein levels in SW620 cells at the indicated concentrations and time-points. (C) The effect of DDP on the luciferase activity of the YAP promoter in a luciferase reporter assay using SW620 and LoVo cells. (D) Gel-based RT-PCR and western blot analysis demonstrated a decrease in the mRNA and protein expression levels of YAP, CYR61 and CTGF in SW620 cells treated with DDP relative to control cells. (E) Immunofluorescent staining of YAP, CYR61 and CTGF protein showing decreased expression after treatment with DDP in SW620 cells compared to controls. (F) YAP and p-YAP immunofluorescent staining demonstrated that the translocation of YAP from the nucleus to the cytoplasm and p-YAP were enhanced after treatment with 6 µg/ml DDP for 36 h in SW620 cells. (G) Western blot analysis demonstrated that treatment with 6 µg/ml DDP for 36 h decreased YAP localization in the nucleus and enriched YAP localization in the cytoplasm of SW620 cells. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001 vs. control group. DDP, cisplatin.](OR-39-05-2114-g02){#f3-or-39-05-2114}

![DDP affects YAP-mediated colon cell proliferation. (A) *In vitro* proliferation assays and (B) cell growth assays demonstrated that cells stably overexpressing YAP showed increased cellular proliferation in SW620 and LoVo cells after treatment with DDP had blocked YAP-induced cellular proliferation. YAP knockdown cells showed arrested cellular proliferation. (C) Immunofluorescent staining of Ki-67 protein demonstrated decreased proliferation after treatment with DDP in SW620 cells. (D) Colony formation was increased in stably overexpressing YAP cells and decreased in YAP-knockdown cells. However, DDP partially reduced YAP-induced cellular colony formation in SW620 cells. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*\*P\<0.01; \*\*\*P\<0.001 vs. control group and ^\#^\*\*P\<0.01; ^\#^\*\*\*P\<0.001 vs. co-treatment. DDP, cisplatin.](OR-39-05-2114-g03){#f4-or-39-05-2114}

![DDP affects the cell cycle and induces apoptosis in SW620 cells. (A) Cell cycle analysis revealed that treatment with 10 µg/ml DDP for 72 h induced an increase in the proportion of SW620 cells arrested in G2 phase, although YAP overexpression and knockdown of YAP either partially blocked or promoted this effect, respectively. (B) Annexin V staining and flow cytometry demonstrated that apoptosis was significantly decreased in SW620 cells after treatment with 10 µg/ml DDP for 72 h. Ectopic overexpression of YAP blocked DDP-induced apoptosis, while knockdown of YAP using shRNA partially promoted apoptosis. (C) Immunoblotting assays demonstrated increased cleaved caspase-3 protein levels after treatment with DDP compared with SW620 control cells. Ectopic expression of YAP partially blocked DDP-induced caspase-3 expression, while knockdown of YAP using shRNA promoted caspase-3 expression. \*\*P\<0.001, \*\*\*P\<0.0001 by Student\'s t-test. (D) Immunofluorescent staining of cleaved caspase-3 confirmed that DDP increased the levels of this protein, while ectopic expression of YAP partially blocked the DDP-induced caspase-3 expression. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*\*P\<0.01; \*\*\*P\<0.001 vs. control group and ^\#^\*\*P\<0.01; ^\#^\*\*\*P\<0.001 vs. co-treatment. DDP, cisplatin.](OR-39-05-2114-g04){#f5-or-39-05-2114}

![DDP affects YAP-mediated colon cancer cell senescence, invasiveness and EMT. (A) SA-β-Gal assays indicated that cell senescence was increased after treatment with 10 µg/ml DDP for 72 h in SW620 cells. Cells stably overexpressing YAP partially blocked senescence, while YAP-knockdown cells showed increased DDP-induced senescence. (B) Phase contrast microscopy exhibiting cellular morphology was markedly altered after treatment with 10 µg/ml DDP for 72 h in cells with or without stable overexpression of YAP and in cells with knockdown of YAP using shRNA. (C) Scratch assays indicated that the YAP-induced increase in cell migration was decreased after treatment with 10 µg/ml DDP for 36 h in SW620 cells. (D) Transwell assays showed that exposure to 10 µg/ml DDP for 72 h decreased cell invasion and migration in SW620 cells compared to control cells. Stably overexpressing YAP cells demonstrated partially blocked DDP-induced cellular invasive growth and migration, while YAP knockdown cells showed increased cellular invasive growth and migration. (E and F) RT-PCR and immunoblotting analysis revealed that the mRNA and protein levels of E-cadherin were significantly increased, whereas vimentin expression was decreased, in SW620 cells after treatment with DDP at 10 µg/ml for 72 h. Stably overexpressing YAP cells partially blocked these DDP-induced expression changes in E-cadherin and vimentin expression, while cells with knockdown of YAP using shRNA exhibited a reverse effect. (G) Immunofluorescent staining of E-cadherin protein showing increased expression after treatment with 10 µg/ml DDP for 72 h compared to control cells. Stably overexpressing YAP cells partially blocked DDP-induced expression of E-cadherin, while YAP knockdown cells promoted the expression of E-cadherin. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*\*P\<0.01; \*\*\*P\<0.001 vs. control group and ^\#^\*P\<0.05; ^\#^\*\*\*P\<0.001 vs. co-treatment. DDP, cisplatin.](OR-39-05-2114-g05){#f6-or-39-05-2114}

![DDP inhibits the growth of *in situ* colon xenografts *in vivo*. (A) Xenograft mice with colon cancer cell tumors were treated with control (PBS) or DDP and the dimensions and weights of tumors were assessed at regular time-points. (B) Overall tumor sizes and growth curves. (C) H&E microscopy of colon tumor nodules from primary SW620 cells in the subcutaneous xenografts of nude mice treated with control (PBS) and DDP. Immunohistochemical staining revealed that YAP expression was decreased in xenograft tumor tissues after treatment with DDP relative to PBS treatment. (D) Representative H&E stained microscopic images of the large intestine, small intestine, stomach, heart, liver, spleen, colon and kidneys of nude mice with xenografted colon cancer cell tumors. There was less obvious organ damage in DDP-treated mice compared to PBS-treated mice. (E) The body weights of nude mice after treatment with DDP compared to PBS-treated mice demonstrated that DDP treatment did not significantly alter the body weight of animals and could also alleviate body weight loss. (F) Kaplan-Meier OS curves of mice treated with PBS and DDP. Results were presented as mean ± SD, and the error bars represent the SD of three independent experiments. \*P\<0.05; \*\*\*P\<0.001 vs. control group. DDP, cisplatin; OS, overall survival; H&E, hematoxylin and eosin; PBS, phosphate-buffered saline.](OR-39-05-2114-g06){#f7-or-39-05-2114}

###### 

Patients\' demographics and tumor characteristics.

  Characteristics                No. of patients (N=46, %)                             P-value
  ------------------------------ ----------------------------------------------------- ---------
  Patients parameter                                                                   
    Age (average range, years)   55 (30--81)                                           0.102
      \<55                       20 (43.5)                                             
      ≥55                        26 (46.5)                                             
    Sex                                                                                0.0781
      Male                       30 (65.2)                                             
      Female                     16 (34.8)                                             
  Tumor characteristics                                                                
    Tumor size (cm)                                                                    0.007
      \<4                        12 (26.1)                                             
      ≥4                         34 (73.9)                                             
    Differentiation                                                                    0.206
      Poor                       21 (45.7)                                             
      Well-moderate              25 (54.3)                                             
    Lymph node metastasis                                                              0.124
      N^−^                       36 (78.3)                                             
      N^+^                       10 (21.7)                                             
    Distant metastasis                                                                 0.204
      M^−^                       28 (60.9)                                             
      M^+^                       18 (39.1)                                             
  Level of YAP                                                                         
    Protein level                N=20 ([Fig. 1A](#f1-or-39-05-2114){ref-type="fig"})   
      High                       9 (45.0)                                              0.001
      Median                     7 (35.0)                                              0.021
      Low                        4 (20.0)                                              0.102
    mRNA level                   N=15 ([Fig. 1B](#f1-or-39-05-2114){ref-type="fig"})   
      High                       8 (53.3)                                              0.001
      Median                     5 (33.3)                                              0.043
      Low                        2 (13.4)                                              0.137

Association of the YAP level with clinicopathological features in colon tumor population. Data represent the mean ± SD.
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